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Abstract

In developing nations access to electricity is inconsistent at best, and food spoilage is a prevalent
issue. The solar powered absorption chiller is a refrigeration system designed to provide
refrigeration to these developing areas. This year, our team has worked to develop a system
where the sun’s rays are collected as heat to power an absorption refrigerator. The goal of this
project was to take an existing solar tracker system and use its collected heat to power a
refrigerator. Our team designed and built heat exchangers to extract heat from the concentrated
solar system; assembled components for a fluid circulation loop; and retrofitted an absorption
chiller refrigerator to be powered by our heated fluid. Additionally, we redesigned an existing
solar tracking system to improve function and decrease power consumption. By the end of this
year we assembled the entire system and performed months of solar testing as well as proof-ofconcept testing that the refrigerator could receive necessary heat through a heated fluid. By the
end of the school year, we concluded that the heated fluid would need to reach 150°C to begin
the refrigeration cycle (with current heat exchanger design), which was 25° higher than our solar
testing had achieved. With further improvements, the refrigerator could be designed to run with
lower heat inputs and the tracker system could be designed to attain heat at higher temperatures.
With these changes, a working refrigeration system could have dramatic impacts on farming
communities in developing countries; reducing food spoilage, increasing family income, and
preventing food-borne illnesses.
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Introduction

1.1

Background

In the United States it is easy to take amenities like refrigeration for granted. However,
developing countries cannot use traditional refrigeration because it requires electricity, which is
unreliable or non-existent in most areas of the developing world. Disease, malnutrition, and
economic struggle are just some of the debilitating trends that could be reversed if access to
reliable and affordable refrigeration were an option.
In the country of Uganda, a developing nation, 82% of the labor force works in agriculture.
Access to water is plentiful due to geographical location, but electricity is only available to 14.8%
of the population (EIA). Therefore, average farmers cannot use electric refrigeration to store their
perishable goods. Speaking to Thermogenn (an NGO based in Uganda), the main motivator for
access to refrigeration is to reduce dairy spoilage. Currently, only milk produced in the morning
can be taken to markets and the Food and Agriculture Organization estimates that about 27% of
all milk produced in Uganda is lost due to spoilage, spillage, or waste. The value of these losses is
US$23 million a year (FAO).

Figure 1.1: Ugandan girl with milk container. Milk spoilage hurts Ugandan community.
In addition to the economic incentives, lack of refrigeration is a contributing factor to
malnutrition and food borne illness (33.9% of children in Uganda, under the age of 5, are
severely underweight (CIA)). Conventional refrigeration is not a feasible solution due to lack of
electricity; however, the implementation of a solar powered refrigeration system can provide
much needed refrigeration to rural communities that currently lack such modern conveniences.
1

The benefits of an absorption chiller refrigerator powered by concentrated solar power (CSP) are
many. First, concentrated solar power, on a residential scale, presents many opportunities for the
use of heat. Although this project focuses on the application of CSP for absorption refrigeration,
the heat from this could also be used for water desalination, electricity production, and heat for
cooking or sterilization. Second, the absorption chiller refrigerator itself has no moving parts,
making it an ideal choice for an area with little access to the outside world for replacement parts
or maintenance. Ultimately, this refrigeration system combines several known technologies in a
unique way to deliver refrigeration to areas that can greatly benefit from it.

1.2

Literature Review

Our team used previous research on refrigeration in developing nations as a way to understand
potential problems in application as well as the needs of the communities where the system could
be implemented. This began with a study of small-scale projects in solar absorptive refrigeration
in Nigeria (Akinbisoye). This team recognized that there is a problem with the amount of energy
consumed in refrigeration processes and sought a means to provide a sustainable and affordable
solution. The method attempted was the use of adsorption refrigeration generated from the heat
of the sun; however, the design proved very inefficient with a COP value of 0.025. COP stands
for Coefficient of Performance and is a measure of efficiency for refrigerators showing how
much cooling was produced from the amount of electricity input. For reference, traditional
refrigerators have a COP of between 2.5 and 5 depending on several factors such as size,
refrigerant, and manufacturer. However, even with the low COP of this adsorption system in
Nigeria, the freezer was able to produce a reasonable amount of ice, indicating that with an
improved design, absorption refrigeration is a viable (Akinbisoye). A different team of students
from Purdue University developed a refrigerator powered by a battery that was charged using
solar PV panels (Borikar). Their system worked, but had low efficiencies due to the use of
cheaper solar panels to reduce system costs. Additionally, our team noted that solar panels and
batteries have the downside of using rare earth elements and harmful chemicals. Ideally, we want
to develop a system that doesn’t pose a toxic threat to the environment where it is being used. A
thorough analysis of state-of-the-art refrigeration possibilities allowed us to better understand the
options available for solar powered refrigeration (Kim). This article divides the options into solar
electric refrigeration and solar thermal refrigeration. Figure 1.2 shows how a solar electric
2

system would work with a traditional refrigeration cycle, similar to what the students at Purdue
built, but without a battery.

Figure 1.2: Schematic Diagram of a Solar Electric refrigeration system (Kim)
Second, Kim splits the options of solar thermal refrigeration into two categories: (1) Thermomechanical refrigeration and (2) Sorption Refrigeration. The first refers to a solar collector (nonconcentrated) powering a heat powered engine, shown in Figure 1.3.

Figure 1.3: Solar Thermo-mechanical refrigeration system (Kim)
3

In a project cited by Kim, this thermo-mechanical refrigeration system was able to run on
101.7°C water from the solar collector with a solar-to-power efficiency of 5.8%. Kim notes that
with a higher heat source temperature, a higher efficiency could be achieved.
Finally, Kim analyzes solar sorption refrigeration systems. This includes adsorption and
absorption technologies, (Figure 1.4).

Figure 1.4: Solar Sorption Refrigeration System (Kim)
Sorption chillers are divided into two categories of Adsorption and Absorption chillers.
Currently, adsorption systems are found in some industrial applications where waste heat is used
to run water cooling sorption systems. Larger adsorption refrigeration units have been shown to
run on heating temperatures from 55 to 95°C with a solar-to-cooling COP of 0.2 to 0.6. They can
have an operation weight of around 5.5 tons and dimensions of 2.4 x 3.6 x 1.8 m3 (Kim). Due to
their size, they can run on lower temperature, but they are very expensive and therefore not
applicable for developing nations. Residential scale absorption chillers can be purchased as wine
coolers, hotel mini-fridges, and RV refrigerators for as little as $550 (Camping World).
4

Absorption, Kim notes, uses very little to no electric input and runs through an absorptiondesorption process using refrigerants (usually ammonia/hydrogen or lithium/bromide). These
absorption systems are the most popular choice for solar refrigeration and are more compact than
their adsorption counterparts. Kim did note, however, that absorption systems were not ideal for
flat solar collectors as they required a higher temperature to run. With this information, our team
made the decision to use an absorption system. In our case, we were using concentrated solar
power, which produces significantly higher temperatures than that of flat solar collectors.

Our background research into residential-scale solar collectors centered on previous research
performed by SCU students in thermal energy harvesting (Neber et. al) and solar tracking
(Barker et. al). Barker’s team was able to develop a tracking system with a bi-axial structure to
hold a parabolic mirror. The Arduino code and tracking system from this team was re-coded and
retrofitted for a refrigeration system over the course of our senior design project. Neber’s team
developed several designs for the receptacle or receiver of the solar rays from the concentrated
solar mirror. The conclusion of Neber’s team was that a design focusing on a 2:1 ratio of cavity
depth to opening diameter produced the ideal performance.

Figure 1.5: Design Ratio of Ideal Solar Receiver
This design shown in Figure 1.5 was developed by our senior design team by applying the ratio
developed by Neber to maximize the blackbody potential of the cavity, which is to say that it
maximized the cavity’s ability to absorb and maintain radiation as heat.

5

1.3

Project Objectives

Based on review of previous works and social data, we determined that there is a market for a
solar thermal refrigerator and experimental evidence of potential success. The goal of our project
was to develop a refrigeration system that could be implemented in the developing world using a
solar tracker system and an absorption chiller refrigerator. This would be done by


Retrofitting an absorption refrigerator to be powered from a heated fluid



Designing a test to determine initiation temperature for the absorption cycle



Designing a fluid circulation system to deliver heat to the refrigerator from the receiver



Retrofitting subsystems to use little to no electricity



Lowering costs of system to be affordable for NGO’s in developing nations

The process used to in developing this system is examined in the following Chapters.

6

2

System Overview

The Solar Absorption Chiller (SAC) is a refrigeration system made up of four main components
as outlined in Table 1.
Table 1: Components of the Solar Absorption Chiller System
Component
1. Concentrated

Description
Follows the sun and reflects sun’s rays off a parabolic mirror.

Solar Tracker
2. Solar Receiver

Located at the focal point of parabolic mirror, converts sun rays into
heat.

3. Fluid Circulation

Receives heat at solar receiver. Pumps heated fluid to heat exchanger
attached to refrigerator. Pumps fluid back to receiver for “re-heat”.

4. Absorption
Chiller

Refrigeration system powered by heat. Receives heat from fluid
through heat exchanger.

The SAC design is most easily understood by providing a technical background of the
concentrated solar power and absorption chiller subsystems.

2.1

Concentrated Solar Power (CSP)

Concentrated solar power (CSP) is an energy harvesting technique that produces thermal energy.
It is harnessed by using mirrors to reflect the light of the sun to a focal point. The intense heat
that is centered at this focal point is collected in a solar receiver and can be used for many
purposes including radiant heating, hot water production, electrical production, and in our case
the powering of an absorption refrigerator. CSP is currently found in large commercial scale
applications for energy production, as shown in Figure 2.1.
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Figure 2.1: Industrial Scale Concentrated Solar Plant
These facilities use thousands of mirrors that concentrate solar rays on a single central tower.
The innovation of our team’s design is that we are taking this commercial-scale CSP model and
scaling it to be used residentially. Building off the work of a previous senior design team (Barker
et. al, Team Helios), we retrofitted, re-programmed, and installed a solar tracking mechanism as
our source of solar radiation, (Figure 2.2).

Figure 2.2: Residential Scale Concentrated Solar Power System (Barker et. al)
This solar tracking mechanism ensures that the mirror follows the sun by using motors that
adjust the position of the mirror throughout the day. A summary of this tracker design from
Team Helios can be found in Appendix 10. This appendix discusses the trigonometric design of
the bi-axial tracker system, and the design of the Arduino control system for control of motor
movement for the tracker along the axes.
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2.2

Absorption Chiller Technology

Absorption chiller refrigeration is a form of refrigeration powered by heat. Whereas traditional
refrigeration runs on electricity and has an electrical compressor, absorption chillers run on
thermal absorption and desorption. Compression is used to induce the refrigerants to change
phase and produce the cooling effect by absorbing heat. There are two different common types of
refrigerant combinations used for absorption chillers, which are ammonia-hydrogen and lithiumbromide. Our team chose to use ammonia-hydrogen refrigerators because they were more
accessible in the U.S. market and run using single stage refrigeration. This makes them smaller.
Lithium-Bromide refrigerators are larger and can use double and even triple stage refrigeration.
The single stage refrigeration cycle is shown in Figure 2.3.
2.2.1

The Absorption Refrigeration Cycle

Figure 2.3: Diagram of the Absorption Chiller Cycle
Referring to Figure 2.3, the absorption chiller cycle begins with thermal compression. Heat is
applied to a mixture of ammonia and water which results in desorption of the ammonia from
water via boiling. The condenser cools the ammonia vapor and it becomes liquid. This liquid
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ammonia is absorbed by hydrogen gas in the evaporator. Here, the mixture experiences a
chemical reaction that takes in heat, QE, which creates a cooling effect in the refrigeration
chamber. The spent refrigerants of hydrogen and ammonia flow back towards the thermal
compression chamber where the water re-absorbs the ammonia at a lower temperature and the
hydrogen gas returns to the evaporator. This is an on-going cycle which will continue as long as
heat is applied to induce thermal compression.
Specifics about initiation temperatures, pressurization of the refrigerants, and proportions of
ammonia and hydrogen are proprietary information held by companies like NorcoldTM and
DometicTM, who are the commercial producers of absorption refrigerators in the USA. One of the
goals of this project is to determine the required initiation temperature for the refrigeration cycle
of one of these absorption chillers.
Our team used a prefabricated NorcoldTM RV absorption chiller (traditionally run from the heat
of a propane flame) for our refrigerator. Further information on how the absorption cycle fits into
our system will be covered in Section 3.1.

2.3

Subsystems Overview

The main subsystems of our design are as follows:


CSP System



Solar Cavity Receiver



Fluid Circulation Loop



Absorption Chiller / Heat Exchanger System

The schematic containing these subsystems is shown in Figure 2.4.
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Figure 2.4: Solar Absorption Chiller System Schematic
As shown in Figure 2.4, the process of the system begins at the CSP system. Here, the sun’s rays
are reflected off the mirror (1) and concentrated in the solar receiver in the form of heat (2). Heat
is transferred from the receiver to a thermal fluid that is pumped though the receiver subsystem.
The heated fluid is pumped to the refrigerator (3) where it transfers its heat to the absorption
chiller (4). This combination of concentrated solar power and absorption systems has never been
studied for residential use and presents an exciting new field of study for small-scale, off-grid
refrigeration.
The materials used for our system are as frugal as possible, which is an attempt to make sure that
the accessibility and manufacturing of parts are feasible in the developing world. Specialized
11

parts, such as the parabolic mirror and the absorption refrigerator, are relatively inexpensive in
large quantities and require little maintenance since they have no moving parts. The motors,
mirror support structure, fluid pump, and fluid piping can either be made on location or
purchased from mass producers at very low cost. See Section 5.2 for further details on
manufacturing.

2.4

Customer Needs

Our team’s main customers are non-government organizations, or NGOs. Three potential
customers were contacted for analysis of customer needs; these were Susan Kinne of Grupo
Fenix, Promethean Power Systems, and Thermogenn. Susan Kinne is a social entrepreneur from
Latin America who provides self-sustaining infrastructure for a small rural village in Nicaragua;
Promethean Power Systems is an off-grid rural refrigerator manufacturer based in Mumbai,
India; and Thermogenn is a Ugandan based NGO that provides off-grid dairy coolers. A survey
was sent out to these NGOs and to Susan Kinne, and the results of this survey are summarized in
the Table 2.
Table 2: Affinity Diagram of Four Most Desired Customer Traits
Most Desirable Features
1st: Off-Grid

2nd: Durable

Solar tracker to power absorption chiller

Metal frame to hold mirror

PV Panels to power DC Pump

Pyramid style receiver holder

PV Panels to power Solar Tracker

Casing around exposed parts

3rd: Refrigerator Compartments

4th: Freezer

Modular shelves

Keep existing freezer box

Hanging Baskets

Only big enough for ice trays

Crispers/Drawers

OR make entire refrigerator a freezer

Based on feedback we received, we developed a set of system requirements, which are
summarized in Table 3.
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Table 3: System Requirements for Refrigeration System
System Requirement
Refrigerator Operating
Temperature
Thermal Fluid Operating
Temperature

Numerical Goal
4°C

130-150°C

Description
This is an established fridge temperature that
will prevent dairy spoilage
Diagnostic tests were performed to determine
ideal temperature to start refrigeration cycle

CSP System Size

5’x6’x6’

This CSP setup would likely fit on a roof

Cost of System

< or = $1000

This will fulfill our affordability requirement

PV Panels

3 x 60 Watt

The PV panels will power DC pump

DC Pump

180 Watt

This will pump thermal fluid

<0°C

This will provide ice

0.5’x2’x3’

This will fit inside the absorption chiller

Freezer Operating
Temperature
Freezer Size
Solar Receiver
Temperature
Shelves

2.5

500°C~750°C

3: 2’x3’

The concentrated solar power temperature
required to heat the thermal fluid
This will give storage space for food such as
fruits, meats, and dairy

Benchmarking Results

As part of background research, our current design was compared with three other benchmark
systems. These were a traditional RV absorption refrigerator, a normal mini-fridge, and solar
refrigerator produced by Cal-Maritime. Using a Targets and Benchmarks form, Appendix 1, we
were able to create comparative goals in key categories such as weight, installation time,
materials, cost, lifetime, and operating temperature. These specifications, which are included in
Table 1, were of great importance in the design process. Below, we will elaborate on some of
these key categories; comparing our current design to those of similar application.
2.5.1 Size and Weight
Of the three systems we chose to compare ours to, the RV refrigerator and the mini-fridge are the
smallest. However, they are also self-sufficient and require no power source except electricity.
13

For the Cal-Maritime solar refrigerator, Figure 2.5, including the panels, is still smaller than our
system.

Figure 2.5: Cal-Maritime Solar Refrigerator
This is because our refrigerator, though individually the same size as a traditional mini-fridge, is
powered by a CSP system. The bi-axial tracker system and the fluid circulation system, that
transfers heat from CSP to refrigerator, take up a lot of space. However, the portion of our
system that would reside inside a home is the same size as an RV fridge or mini-fridge.
2.5.2

Maintenance and Installation

With regards to installation, our system is the most challenging. Although the goal is to take the
system off-grid, it is currently not to that point. Unlike the Cal-Maritime fridge, which can be set
up on location and immediately work, our system requires initial positioning of the mirror and
tracker system. However, once this is done, the system can be easily started. A traditional minifridge would be plugged into a wall and an RV fridge would be connected to a propane tank.
Both are easily installed, but only able to work in areas with access to electricity or propane. For
the developing world, the Cal-Maritime fridge or our own model are most ideal.
One distinct difference, however, are the maintenance issues. The Cal-Maritime fridge is a
traditional compression fridge which has moving parts that can break. In a rural developing
nation there is not access to replacement parts or maintenance and this system could break and
14

then be put in a junk-pile to never be used again. Our system, by employing an absorption cycle
is maintenance free (at least on the refrigerator side) because an absorption refrigerator cycle is
completely enclosed and has no moving parts. It can keep running over and over with no
decrease in capability. As long as heat is applied it will run. This makes it an excellent choice for
implementation in the developing world.
2.5.3

Initial and Operating Costs

Initial costs of an RV refrigerator, a normal mini-fridge, and the Cal-Maritime fridge are $550,
$190, and $600 respectively. Our system was calculated to have a mass manufacturing cost of
$710 dollars. This is elaborated on in Section 4.5. Although ours is the most expensive, it will
have no operating costs once it is off grid. The RV refrigerator requires propane gas and a
normal mini-fridge has an operation cost based on electricity cost. The Cal-Maritime fridge does
not have an operating cost, but there is also no discussion in their report about the potential for
broken parts and the cost effectiveness of replacing those.
2.5.4

Toxicity and Environmental Concerns

When planning to implement a system in the developing world it is important to be aware of any
safety concerns for the environment. Especially with refrigeration, the issue of toxic refrigerants
is a concern. For traditional refrigerators such as a mini-fridge or the Cal-Maritime fridge, they
probably use refrigerants like R-410A or Freon, which are known to cause damage to the ozone
layer. They are also toxic if they leak from the system. Absorption chillers, however, are made
with ammonia and hydrogen gas. These are not toxic and are in small enough proportions and
low enough pressures that they don’t pose a serious environmental risk. Furthermore, absorption
refrigerators are completely sealed and the likelihood of leakage is little to none.

2.6

Functional Analysis

The subcomponents and the ways in which they relate are shown in Figure 2.6. The system is
most easily divided into the CSP portion and the Absorption Chiller portion. The CSP provides
the power source, which is heat, to the Absorption Chiller. The Solar tracker system is the most
independent of these and works to control the CSP system. Components of this system, including
15

the Arduino control system, motors, brakes, lead screws, mirror, and mirror support work to
make sure that the CSP system is able to track the sun and concentrate the solar rays into the
solar receiver.

Figure 2.6: Functional Breakdown of Solar Absorption Chiller Subsystems
The thermal fluid, Durotherm, acts as a bridge between the solar receiver and the fluid
circulation subsystem. Fluid blocks (which act as heat exchangers) attached to the body of the
receiver using thermal interface material and a clamp have Durotherm pumping through them.
As soon as the Durotherm leaves the fluid blocks it enters the fluid circulation subsystem. This
system uses a pump and piping (both heavily insulated) to deliver the fluid to the refrigerator.
The fluid is pumped through an insulated heat exchanger attached to the boiler column of the
refrigerator. The fluid is then pumped back to the receiver.

2.7

Key Systems Level Issues

To understand the challenges for these subsystems, we divided them into the following two
groups, Mechanical Tracking System and Thermal System.
16

2.7.1

Mechanical Tracking System

When considering the motor control system multiple components must be considered. The initial
concern is the choice of motors. Our team inherited stepper motors from the previous design
team (Barker et. al, Team Helios), which chose the stepper motors for their precise position
control and easy operation. The process of the tracker control system is simplified in the
following steps.
1. System is turned on and stepper motors adjust lead screws which move the bi-axial
supports to align mirror to a pre-programed, date/time specific location of the sun.
2. Motors hold lead screws in place when not moving.
3. Every 4 minutes, stepper motors adjust lead screws to realign mirror with the sun.
The means to control the rotation of the motors was accomplished with an Arduino
microcontroller. Although there are other inexpensive microcontrollers on the market, the
Arduino is both affordable and widely used. Additionally, it is easy to learn and implement in
any system. This allowed our team to take the code originally produced by the Helios team and
adjust it to fit the needs of our system.
Although stepper motors are good for precision control, they are inefficient in their energy use
because they constantly consume energy to maintain a lock at the intended stop position. This
results in them constantly drawing electricity even when they are not moving the lead screws.
Due to this inefficiency and the goal of decreasing electricity use from our system, mechanical
brakes were added. These breaks allowed the motor to disengage while the brake provided a
holding torque. One brake was used for each motor on the two axes.
The other key issue that was addressed in the mechanical tracking system was the tracker support
system. We inherited Team Helios’ designs and worked to improve their tracker support system.
The original design can be seen in Figure 2.7. The support system was problematic due to its
weight, size, and general instability. Section 3.2.3 expands on how our team created a more
streamlined redesign of the tracker support. Our design now incorporates a skeleton-like frame
that is significantly lighter and simpler.
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Figure 2.7 – SolidWorks rendering of initial tracker support system
designed by Team Helios (Barker et. al)
2.7.2

Solar Thermal System

When most consumers consider solar power, they usually envision photovoltaic (PV) panels,
which convert the sun’s radiant light into DC voltage. Although these panels are a widespread
approach to using solar energy, PV panels are very inefficient in converting from one form of
energy (light) to another (electricity). Most estimates across brands put solar panel efficiency at
11-14% (Pure Energies). In contrast to this, CSP systems using the Stirling cycle at the
residential scale have been shown to have efficiencies of 24% (Infinia), (Figure 2.8).

Figure 2.8: Infinia CSP system using the Stirling Engine
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Because of the low efficiencies of PV panels as well as the promise of higher efficiencies for
CSP systems, our project deviated from the traditional PV panel to use concentrated solar energy
to heat our working fluid, Duratherm. By using CSP, there is no conversion to electricity as the
heated fluid provides the necessary heat to run the absorption chiller. This means that the 24%
solar-to-electricity conversion of the Infinia dish could be increased through elimination of
inefficiencies in the Stirling cycle.
As mentioned previously, our system contains a thermal fluid, Duratherm, which transfers the
thermal energy collected in the receiver to the absorption chiller. The main consideration
affecting our choice to use Duratherm, specifically Durotherm 450, was that it can operate and
maintain its properties in high temperature systems (up to 450°F). In addition, Duratherm has
special additives, referred to as “metal deactivators,” which enable Duratherm to be used in the
copper heat exchanger without producing any chemical reaction.
Throughout our system cycle the Duratherm passes through two different the heat exchangers.
First, it is heated by passing through copper fluid block heat exchangers on the solar receiver.
Second, it passes through a heat exchanger on the boiler column of the absorption chiller. The
heat from this refrigerator heat exchanger causes the fluids within the absorption chiller to be
heated sufficiently to initiate the refrigeration cycle.

2.8

Team and Project Management

2.8.1

Project Challenges

The design of our system has several constraints. These are summarized in Table 4.
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Table 4: Summary of System Constraints and Solutions
Challenge
“off grid”
Maintaining
temperature
throughout night
Being affordable for
low-income
communities

Solution
Target Values
Reduce electricity consumption in Solar Tracker System: Reduce
systems and plan for
power usage to less than .25
1
implementation of thermoelectrics. kWh/day
Research energy storage2

Keep system running to
prevent inside temperatures
from rising above 4°C

Research mass manufacturing cost
that is affordable for NGOs

Based on feedback from NGO
Customer Feedback the target
value is <$1000

The information shown in Table 4 refers to several key challenges the design faces. First is the
issue of creating an off-grid system. Currently our solar tracker system uses energy from the grid
to run the stepper motors. In preparation for further iterations1 we aim to reduce power usage to
less than .25 kWh/day. An additional challenge is maintaining temperature throughout the night.
This will be achieved through energy or heat storage that could continue running the
refrigeration cycle even when the sun is not out. Finally, our group is researching mass
manufacturing methods to ensure that the cost of the final system is affordable to NGOs.
2.8.2 Budget
Because of generous funding from the California Energy Commission as well as the Roelandts
Foundation and the SCU School of Engineering, the budget for this project was not a
constraining factor. In order for ideal testing and collection of data we used mostly custom-made
equipment. The ultimate goal was to have a working product before we figure out where to cut
items to better fit our ultimate price goal of less than $1000. The full budget is laid out in
Appendix 2.

1

This benchmark was set because it refers to the potential power output of a thermoelectric. If these are added to the
solar receiver in a later iteration of this design, they could produce the power necessary to run the tracker, allowing
it to be off grid
2
Currently being researched by graduate student Bernadette Tong
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2.8.3 Timeline
Because our design requires solar testing, we began our design in the summer in order to take
full advantage of good weather opportunities before winter quarter. Contingency plans for nonsolar testing were made as well. Ultimately, our timeline allowed us to reserve spring quarter for
documentation and analysis. This is all laid out in a Gantt chart in Appendix 3.
2.8.4 Design Process
Our design approach for this project was to split the system into the two main subsystems: the
absorption chiller and the solar tracker. We assigned team members to each subsystem and
divided tasks from there. The process for each part was:
1. Note problems from previous designs that we’re dealing with
2. Brainstorm approaches to fixing problems
3. Narrow down approaches and test these narrowed approaches
4. Go back to drawing board if necessary
5. Implement this portion as part of the larger system
This process of growing from subsystems to the bigger system allowed for a smooth
collaboration process, where team members could divide the work for greater team efficiency.
2.8.5

Risks and Mitigations

The two biggest risks involved in this system are the safety risks involved in system operation
and the safety risks of food temperature. For system operation, the high temperatures of
operation necessitate a level of safety both in testing and in final installation. To mitigate this
risk, we will install safety notices and precautions on the device itself. Additionally, we will
provide training to locals where the device is installed to warn them of the risk of burns. Second,
the risk of food safety is an issue because the refrigerator’s purpose is to maintain foods at a safe
temperature for consumption. Over-compensating the refrigerator with insulation and doing
ample testing with different food items for temperature fluctuations within the fridge during the
cycle will mitigate this risk.
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2.8.6

Team Management

Working with a team of four students, there were issues that arose. Figure 2.9 summarizes how
some of these common ethical issues were dealt with.

Initial Concept
-Idea presented to
group with clear
definition of purpose,
benefit, and
justification on a social
and technical level

Research
-Pros, cons, and
alternatives discussed
-evaluation of any
previous related
research discussed
-Testing of idea and
results shared with
group

Implementation
-Decision made as a
group to move forward
-If changing a system
parameter, client is
notified
-Willingness to
reevaluate if concern is
voiced by any party

Figure 2.9: Ideal process for ensuring ethical awareness
This process ensured that our group approached ideas with openness to ethical dilemmas and a
willingness to address the issue before it developed into a serious issue. This relates to team
management because it identifies the process that our team used to resolve issues.
In relation to individual team roles, our team has taken Myers Briggs personality exams, which
can be found in Appendix 9.
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3

Subsystem Level Chapter

3.1

Absorption Refrigerator Subsystem

From the inside, our chosen absorption chiller refrigerator looks like any other mini-fridge with
shelves and a small freezer compartment. However, this refrigerator has one large difference in
that it is powered by heat. This is possible because of the heat powered gas absorption cycle that
powers the refrigerator and creates the cooling effect.

Figure 3.1 Absorption Refrigeration Cycle

As discussed in Section 2.2 on Absorption Chiller Technology, there is a specific cycle to the
absorption refrigerator. These parts are shown in Figure 3.1, noting their location on the rear of
the absorption chiller that our team used for testing. To initiate this cycle we used heat from a
closed fluid loop that absorbs heat from the CSP receiver and transfers that heat to the absorption
chiller using a heat exchanger.
3.1.1

Heat Exchanger

The heat exchanger is the device that transfers the heat from the working fluid into the boiler
column to initiate, and run, the refrigeration cycle. This heat exchanger is made of copper tubing.
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It is designed to wrap around the boiler column of the absorption system to provide heat to the
ammonia mixture within. Copper was the chosen metal because of the following properties:


High thermal conductivity



Resistance to corrosion



Availability



Ease of manufacturing

Because the heat exchanger is filled with constantly moving high temperature fluids, up to
150°C, the properties of high thermal conductivity and resistance to corrosion make this heat
exchanger efficient at heat transfer and durable for long periods without need of replacement.
Durability is as important as availability and ease of manufacturing for developing nations.
Luckily copper tubing is used throughout the world for plumbing applications and is very easy to
cut, mold, and manufacture.
The surface that we designed the heat exchanger to go on is shown in Figure 3.2.

Figure 3.2: Boiler Column with Electric Heater
The boiler column had two, pre-welded black pipe sections and a boiler column (inside
insulation) attached to it. In addition to the challenging surface on which this heat exchanger
needed to be attached, the design for the heat exchanger needed to have as much surface area
contact on the boiler column as possible. Larger surface area is one factor for increasing heat
transfer. Given these challenges, we began using SolidWorks to design possible prototypes.
Figure 3.3 depicts this first prototype designed for manufacturing with 3/8” copper tubing.
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Figure 3.3: Proposed design and orientation of heat exchanger in SolidWorks
The length of this SolidWorks prototype was determined by heat exchanger calculations. In order
to do these calculations, we determined the amount of heat that was transferred to the boiler
column using the electric heater (the curved silver pipe in Figure 3.2). With a known value for
the desired heat transfer, we could calculate the necessary length of the heat exchanger given an
assumed fluid temperature of 120°C, a fluid mass flow rate of 0.3 cubic meters per second, and
the physical properties of the copper tubing. The MatLab code for these calculations is in
Appendix 4. The resulting critical heat exchanger length was 82cm.
Once the physical characteristics of the heat exchanger in Figure 3.3 were specified, our team
searched for a manufacturing method. However, we soon learned that the bend radius of the
copper tubing shown in Figure 3.3 was too tight for any manufacturing method. So we resorted
to using pre-fabricated 3/8” copper piping and designing our own u-bed to create the tight radii
we needed to fit the heat exchanger on the boiler column. Our custom u-bend design and final
product are in shown in Figure 3.4.
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Figure 3.4: Custom Made U-Bend
The U-bend shown in Figure 3.4 was made from a copper block that was 1”x1”x1.2”. Three
holes were milled into this block as shown on the left side of Figure 3.4. The final product shown
in the right of Figure 3.4 had a small stopper soldered into its left-most opening to allow the fluid
to flow in and out as the arrows depict. 3/8” piping and 90° copper elbows were used to make
other components of this heat exchanger and the final product was constructed using a mix of
soldering and compression fittings. The technical drawings for this can be found in Appendix 7
and the final product is shown in Figure 3.5.

Figure 3.5: Final design of heat exchanger attached to boiler column.
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This final design in Figure 3.5 is more than double the surface area of electric heater column that
came with the refrigerator, shown in Figure 3.4.
This is important because the rate of heat transfer via conduction from the wall of the heat
exchanger to the wall of the boiler column is proportional to both the contact surface area and the
temperature of heat exchanger, as shown in Equation 1.
(1, Bergman)
Therefore, if contact area is higher, the temperature can be lower while still achieving the same
rate of heat transfer. Since the temperature of the fluid in our system (which dictates the
temperature of the copper contacting the boiler column for conduction) is limited by the CSP
system, it was important to design our heat exchanger to maximize surface contact area; thus
putting less emphasis on the performance of the CSP system.
3.1.2

Fluid Temperature

The functioning of the absorption refrigerator is dependent on the temperature of the thermal
fluid that is pumped through the refrigerator heat exchanger. In order to determine the necessary
temperature, a test was designed with a circulation heater rather than the CSP system and tests
were run in-lab. Results of these tests are discussed in Section 4.4.
3.1.3

Insulation

Thermal fluid flowing through the refrigerator heat exchanger needs to sustain a high enough
temperature for the refrigeration cycle to be initiated. Additionally, insulation was used around
the receiver system to reduce losses to the environment. The receiver reached high temperatures
of upwards of 500°C (discussed in Section 4.3). The options for insulation are shown in Table 5.

Table 5: Insulation possibilities for solar receiver
Name
High-Temperature
Fiberglass
Mineral Wool

Max Temperature
454°C

Price
$48.34/3ft

Rigid

649°C

$38.90/3ft

Rigid
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Stiffness

In order to assure that the insulation withstood the maximum system temperatures and to reduce
cost, we opted for mineral wool insulation.

3.2

Solar Tracker Subsystem

3.2.1

Background

Our solar tracker was a continuation and improvement on an earlier prototype developed by a
previous senior design group, Helios (Barker et. al et. al), which can be seen in its actual
implementation, without a receiver module, in Figure 3.6. The previous team had designed the
dual-axis tracker as an attempt to provide a strong but inexpensive alternative to solar tracking,
without using the implementation of heavy and expensive support structures.

Figure 3.6 – Implementation of original Solar Tracker without receiver module (Barker et. al)
The heavy and expensive support structures mentioned before refer to the concrete mounts that
are often used in solar tracking applications. These concrete mounts are also invasive to the
environment as holes must be dug in the earth to accommodate the concrete foundation. The
design developed by the Helios team provided an alternative to the concrete foundation approach
with the use of their dual-axis tracker. This tracker system could follow the movement of the sun
with the aid of two stepper motors turning lead screws that would orient the tracker supports, as
previously illustrated in Figure 2.7.
The prototype primarily used medium density fiberboard (MDF) to construct the solar tracker
supports, which created a relatively lightweight structure; however, it had several drawbacks in
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application. First, the MDF would need to be available and affordable for the developing nations,
which is often not the case. Lower quality fiberboard, which is sometimes available, was not
strong enough so the only option was quite expensive (See Appendix 2 for cost breakdown). In
addition, pieces had to be fabricated using precision machinery, such as a laser cutter. Since the
target customers for this system are in the developing world, they do not have access to laser
cutters. These shortcomings of the previous design provided an opportunity for our team to
create an improved support design.
In addition to the improvements regarding the support of the tracker, the previous design's
control system consumed more power than was desired considering the goal of being off-grid.
The system previously used stepper motors, which remained engaged even when the system was
not in motion, producing a holding torque to maintain the correct orientation of the tracker. In
order to decrease this power consumption, a mechanical brake was employed that enabled the
motors to be toggled off when not moving. The energy savings from the use of the brake can be
seen in the following section.
3.2.2

Subsystem Requirements

The main objective of the solar tracking system upgrade was that it would perform more
efficiently than the previous model. Table 6 displays information obtained from a power
consumption test with a “Watts Up” electrical consumption meter.
Table 6: Power Consumption Test of Solar Tracker System
Total Elapsed Time
Average Power (Watts)
Average Voltage
Average Current (Amps)
Total Watt Hours Used
kWh
Commercial Electricity Price (cents/kWh)
kWh/8hr day

0:29:09
64.17
120.34
0.69
31.5
0.032
12.78
0.52

As seen in Table 6, the average energy consumption of the tracker over an eight hour operating
period was 0.52 kWh. Our goal was to lower this energy consumption by 75% with the
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implementation of the brake. This target was set because decreasing the energy consumption to
0.13 kWh would illustrate that this project can be optimized to use a minimal amount of energy.
The installation of a relatively small solar panel with a peak power of 0.1 kW would be sufficient
to power the every component, and the entire system could be made to function off grid.
Accordingly, several steps were taken:


The tracking program for the system was altered so that the motors would cut power
intermittently while the tracker was within +/- 1.5° of the sun’s position. Maintaining the
tracker inside this range of error ensured the maximum efficiency for the system.



The brakes were included in the system to lock the system in place while the motors did
not have any power supplied, maintaining the tracker in the correct position.



The power to the motors would be reengaged when the tracker needed to move again.

3.2.3 Concentrated Solar Tracker Structural Support
As previously mentioned, the solar tracker from the previous design team did not meet our
requirement for frugal design. This inspired the creation of a new design that would improve the
functionality and application in the developing world. Figure 3.7 depicts the design of the new
tracker support system.

Figure 3.7: New Solar tracker Skeleton Design
This new design allowed for a minimal amount of materials to be used. The supports were
constructed entirely of aluminum and steel, which gave the system a solid structure, while
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maintaining a minimal weight. This new tracker weighed approximately 15 pounds, which is
40% less than the previous design, which weighed in at 25 pounds and was comprised of wood,
aluminum and MDF. This skeletal design also aided in the functionality of the tracker system by
providing a minimal wind cross section, diminishing any wind loads that may be experienced by
the system.
However, Figure 3.7 does not represent the actual construction of our new solar tracker support.
Due to the complicated process of bending metal to the correct radius, and our inexperience in
this area, the curved arms seen in Figure 3.7 were abandoned and redesigned to accommodate
straight arms. Drawings for each of the support structures can be viewed in Appendix 6, and
Figure 3.8 illustrates the new solar tracker in its final construction and implementation.

Figure 3.8 – Final Construction of New Solar Tracker
The movement of this tracking system and the components of the tracker were implemented by a
previous design team and a brief overview of their work can be found in Appendix 10.
3.2.4 Motors and Braking
As mentioned before, stepper motors will consume energy even when they are not in motion,
providing what is called a holding torque to maintain the load in desired proper position. When
trying to create an energy efficient design, this constant energy consumption undesirable. Two
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alternative motor options were considered: brushless DC motors (BLDC) and servo motors.
Table 7 demonstrates the potential benefits and drawbacks of the various motor types.
Table 7: Motor Types and Characteristics
Motor
Stepper

Brushless DC

Servo




Pros
Precise positioning
Easy control











High efficiency
Long lifespan
Low maintenance
Cheapest option
Easy control
Precise positioning








Cons
Controls
Requires controller
Position
Consumes power when not in
motion
Requires controller
Velocity
Expensive
Difficult positioning control
Most cannot rotate continuously
Position
Limited range
Usually for small loads

When considering switching motors types, it was found that a Brushless DC motor, also known
as a BLDC, could be beneficial, but would be the hardest choice to control as it would possibly
require an additional Hall sensor. The Hall sensor would be able to sense the position of the
motor as it turned. The alternate choice, the Servo motor, was equally unattractive as most
inexpensive Servos would require additional gearing to move our tracker to its intended
positions. Additionally, with the 68” lead screw, the gear ratio to implement a Servo motor
would need to be around 500 to 1, which would be impossible for our size constraints. Since
neither alternative was a desirable solution to our energy inefficiency problem, our group
decided to pursue an alternative solution: a braking system that would allow the motors to be
switched off when not in motion.
With the need for a braking solution that would allow for decreased energy consumption, we
began devising solutions that would provide a mechanical brake for the system, without
consuming any energy. The first idea was a Pawl brake mechanism, Figure 3.9, that would
prevent any backlash.
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Figure 3.9 – Pawl brake mechanism
Although this brake mechanism would require no electrical energy, it would only allow the
system to move in one direction. Our system needs to move back-and-forth in two directions.
The next option was produced by the same company that made our lead screws. The PBC Linear,
Figure 3.10, was a ratcheting device for motion of the carriage on the lead screw.

Figure 3.10 – PBC linear ratcheting motion system
After contacting PBC Linear, we found out this product was discontinued from manufacturing.
With purely mechanical options exhausted, we settled on a braking solution that would consume
a minimal amount of energy during operation. These brakes were spring-actuated, power-off
brakes, designed for small stepper motors, (Figure 3.11).
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Figure 3.11 – Spring-actuated, power-off stepper brake
As previously mentioned, this brake would consume energy, but only while the motors were in
motion. Once the motors would lose power, the spring inside the brake could clamp down and
prevent the spindle from moving. With the spindle being unable to move, the lead screw would
lock the tracker into place even while the stepper motors were shut off, thus saving energy. Table
8 illustrates the significant impact the brakes had on our system’s energy consumption.
Table 8: The effect of stepper brakes on tracker system energy consumption

Without
Brakes
With Brakes

Energy Consumption*
(kWh)
0.52

Duty Cycle

Energy
Saved

100%

--

0.058

2.55%

88.8%

*Based on 8 hour operating period

As can be seen from the table above, these brakes helped the system to consume almost 90% less
energy than the original system, which had no brakes. This was accomplished by decreasing the
duty cycle, or the amount of time that the motors would spend operating. By decreasing the
amount of time the motors consumed power, less than one tenth of the energy was used
throughout an eight hour operating period. This decrease of 88.8% in energy consumption
showed that we met and exceeded our original goal of using 75% less energy to run the tracker.
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3.3

Solar Receiver Subsystem

3.3.1

Receiver

The receiver for this system was made out of silicon carbide and the reason for this was twofold.
1. Silicon carbide can withstand very high temperatures without losing structural integrity.
2. Silicon carbide has a very low emissivity value, meaning it absorbs almost all of the
electromagnetic energy that hits it.
These characteristics, combined with a shape that has no reflective 90˚ angles, ensured that our
receiver approached a perfect blackbody absorber. The thermal energy that was absorbed was
then transferred to the fluid using two fluid blocks via a conductive fin. The receiver setup is
shown in Figure 3.12.

Figure 3.12: Exploded view of cavity receiver subsystem
As shown in Figure 3.12, the receiver subsystem has three main parts. These components and
purposes are outlined in Table 7.
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Table 7: Components for Solar Receiver Subsystem
Component
Silicon Carbide Cavity Receiver

Description
Absorbs sun rays in the form of heat and
transfers heat from cavity to fin.

Fluid Heat Exchanger Blocks - Copper

Heat from fin is transferred into fluid flowing
through these copper heat exchangers. Two
blocks sandwiched on each side of fin.

Swagelok Piping

Pump fluid from one copper block to the other
before exiting receiver subsystem.

Though included in Figure 3.12 and Table 7 as part of the receiver subsystem, the fluid blocks
and Swagelok piping will be further discussed as part of the fluid circulation system.

3.4

Fluid Circulation Subsystem

3.4.1

Swagelok Piping

The heated fluid exiting the receiver subsystem is pumped from and to the refrigerator through
the fluid circulation system made up of Swagelok piping. The thermal fluid used is Duratherm
(Properties found in Appendix 11). The piping used in the system had two basic requirements
1. It needed to be flexible, because the tracker/mirror assembly was moving with the sun.
2. It needed to be insulated so the amount of thermal energy lost to the surroundings was
minimized.
For these reasons we employed Swagelok piping, a flexible, stainless steel tubing specialized for
temperatures up to 300°C.
3.4.2

Silicone Insulation

The Duratherm that flows to the refrigerator heat exchanger needed to sustain high temperatures,
so insulation was needed. A high thermal resistance, R, for the insulation, is required to
minimize heat loss. However, suppliers Grainger and McMaster protect the R-value of insulation
as proprietary. Instead the maximum operational temperature is given. The insulation needed to
be flexible, able to withstand temperatures of up to an estimated 120°C, and compatible with the
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Swagelok piping. Table 8 lists the possibilities. The Silicone Foam was chosen because if it’s
high temperature and flexibility—both necessary qualities.
Table 8: Insulation possibilities for Swagelok feed pipe
Name

3.4.3

Max Temperature

Price

Stiffness

Polyethylene Foam Rubber

104°C

$6.45/6ft

Flexible

Silicone Foam

260°C

$55.63/6ft

Flexible

Mineral Wool

649°C

$10.23/3ft

Rigid

Fiberglass

177°C

$330/25ft

Flexible

Roller Pump

The Duratherm was pumped from the solar receiver to the absorption chiller using a roller pump,
(Figure 3.13). Roller pumps have spinning rollers that create a vacuum, drawing in liquid to
carry to the outlet port. They provide no metal-to-metal contact; only fluid contacts the rollers
and the pump housing, which make the pump more resistant to high temperatures. The NSF
roller model used pumps 3.8 gallons per minute on 115 volts AC, and can withstand extended
exposure to temperatures up to 204C.

Figure 3.13: NSF High Temperature Roller Pump
This pump was chosen was because it is the smallest model of pump available that could
withstand the high fluid temperatures our system creates. An advantage of using this pump is that
its high power allows for the potential to connect multiple absorption chillers to the system with
one pump transporting all the fluid. Although this is not currently in the scope of the project,
future testing could be done to determine if this is a viable possibility. The disadvantage is the
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cost and weight this pump adds to the system. Additional roller pump specifications are found in
Appendix 12.
3.4.4

Pressure Regulator

As Durotherm is heated in the circulation loop, there is the possibility of thermal expansion. To
prevent any unwanted pressure on components of the fluid loop, an expansion tank was installed
as a safety precaution. This expansion tank acts as a pressure regulator, eliminating fluctuations
in pressure of the system. The model used was a stainless steel 46.6 in3 tank able to withstand
pressures up to 15 psi. Based on chemical information about the thermal expansion of
Durotherm, it was calculated that the maximum pressure on the system would always be less
than 1psi. Therefore, the expansion tank was more than capable of providing necessary pressure
regulation. Additional expansion tank properties and a visual are found in Appendix 12.
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4

System Analysis & Testing

4.1

Receiver FEA Analysis

4.1.1

System Diagram

The Receiver Module is where the first mode of heat transfer occurs in the concentrated solar
system. As shown in Figure 4.1, the heat is collected in the receiver cavity and ultimately
transferred to the fin via conduction.

Figure 4.1: Solar Receiver Heat Flow Diagram
4.1.2

Assumptions for Modeling

A number of assumptions were made simplifying the design in order to perform successful
computational analysis of the solar receiver. The assumptions and their corresponding effects on
the simulation results are shown in Table 9.
Table 9: Receiver Simulation Assumptions and Effects on Results
Assumption
No Insulation
No Water Blocks
No Material Imperfections
System Is a Perfect Blackbody
Constant Temperature Induced
Radiation Evenly Distributed Not Focalized

Effects on Results
Losses to environment lower simulation temperatures
Heat is not absorbed due to convection from the fin
Heat is distributed evenly
The induced temperature from radiation is constant
and 100% absorbed
Results do not fluctuate
Higher overall receiver temperature
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4.1.3

Receiver Analysis Results

To gain a better understanding of how heat is transferred through the receiver, a SolidWorks
FEA model was created. The model was set to an initial ambient air temperature of 22°C and a
radiation of 400°C was induced on the inner surface of the cavity and the outer lip. Figure 4.2
shows a cut view of the temperature distribution. Where the radiation was induced, the maximum
temperature was 370°C meaning 30° was lost to the environment. Via conduction, the fin’s
steady state temperature was 160°C. This aligns with the experimental test data for the fin, but
the front of the receiver the model has about a 100°C higher temperature than the physical
receiver; this can be attributed to the assumptions made for simulations. Despite this, the model
does bring to light the temperature distribution for the receiver design showing us that the fin
does work well to transfer heat from the cavity.

Figure 4.2: SolidWorks FEA Thermal Analysis of Receiver Cut View
From the receiver FEA analysis, and in conjunction with the experimental tests, multiple
conclusions have been reached that will aid in the future improvement of the receiver and the
overall system function. It was found in experimental testing a significant amount of heat is lost
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from the focal point at the front of the receiver to the fin at the rear of the receiver just like the
FEA analysis. This result is likely because Silicon Carbide is a poor thermal conductor. Silicon
carbide is a ceramic and is capable of absorbing large amounts of heat but ineffectively transfers
heat throughout its body. In addition, an insufficient amount or poor application of insulation to
the exterior surface of the receiver contributes to heat losses. With a better application of
insulation, there will be fewer losses to the environment by convection. Additionally, if the wall
thickness of the silicon carbide receiver was increased, this could allow it to maintain heat longer
by increasing its mass.
A benefit from this analysis is the ability to approximate inner cavity temperatures for the
receiver. Since both experimental and FEA tests produced a similar fin temperature, the FEA
model can be used to roughly estimate how hot the radiation from the sun makes the cavity. We
cannot directly measure this temperature since a thermocouple on the inner wall of the receiver
cavity would need to be built in during manufacturing. Instead, we use a thermocouple attached
to the outer wall of the receiver cavity. Knowing the inside cavity temperature analytically will
allow us to better determine

4.2

Fluid Block FEA Analysis

4.2.1

System Diagram

The second elements in the receiver module are the fluid blocks that circulate the Duratherm
fluid, in order to increase the fluid temperature. Two designs for this fluid block are shown in
Figure 4.3.

Figure 4.3: Fluid Blocks (A) Purchased Pre-fabricated and (B) Designed and made in-house
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Both blocks in Figure 4.3 have a solid copper top plate that has been made transparent in the
figure for the purpose of seeing the fluid path. Blocks A and B differ in the length of the path
that the Duratherm travels. The comparison of these lengths is shown in Table 10.
Table 10: Comparison of Fluid Path for Blocks A and B
Block

Length of Fluid Path (inches)

A

15.71

B

22.27

In the context of the whole system, these fluid blocks are placed on either side of the fin in a pair
as shown 3.12.
4.2.2

Assumptions for Modeling

As with the solar receiver, there were many assumptions made for the purposes of modeling the
fluid blocks. These are listed in Table 11 along with their effects on the results of the simulation.
Table 11: Fluid Block Simulation Assumptions and Effect on Results
Assumptions

Effects on Results

No Insulation

Heat transferred from fin is lower than reality

One Water Block

All heat is absorbed by one water block – real
system includes two

No Material Imperfections

Heat is distributed evenly

Constant Fluid Velocity for Thermal

Heat is distributed consistently

Analysis
No Fluid Flow for Thermal Analysis

Unknown how much heat is absorbed by fluid
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With respect to the last two assumptions in Table 11, these were only applicable for thermal FEA
analysis of the fluid blocks. Since the computational analysis did not allow for both fluid and
heat analysis combined, we performed separate analysis for each, which are explained in Section
4.2.3 and 4.2.4.
4.2.3

Thermal Analysis and Velocity Analysis

A SolidWorks FEA and velocity model were created for Block A. Block B could not be modeled
because the inner walls were too thin for SolidWorks to mesh. The FEA model, Figure 4.4, was
set to an initial ambient temperature of 22°C and a convection temperature of 250°C was induced
on the base. Temperatures are shown in Figure 4.4 with yellows and red as the hottest, with
temperatures between 215 and 224°C, and blues and greens as the coolest, with temperatures
between 200 and 210°C. The channel walls within the block have the highest temperatures, while
the outer body has the coolest temperatures. The model does not include the effects of the
thermal fluid on the block, which would likely affect temperature. This is because the fluid
blocks are intended to act as heat exchangers transferring their heat to the fluid.

Figure 4.4: SolidWorks FEA Thermal Analysis
The velocity model, Figure 4.5, was set to an initial rate of 0.3m/s. The path shown is the most
direct for the fluid to flow and suggests there is no fluid flow through these channels. Using the
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model’s data of the actual length that fluid travelled, calculations for how much heat is absorbed
by a fluid showed that after one pass through both blocks, the system could potentially increase
the fluid temperature to 150°C (calculations in Appendix 4).

Figure 4.5: Velocity Analysis on Fluid Block
4.2.4

Fluid Block Analysis Results

The FEA model, Figure 4.4, shows a gradient of about 30°C difference between the induced
convection, 250°C and the average block temperature, 220°C. This can be used to estimate how
much heat the thermal fluid is exposed to given the temperature of the receiver. Because heat
absorbed is concentrated in the channel walls, more walls increase the maximum amount of heat
transferred to the fluid. Thus, fluid block B was likely to be more effective.
In the velocity model the stagnant areas suggest fluid does not flow through. This happens
because the channel dividers do not attach to the body walls, which would guarantee a single
fluid path. This may mean that in Block Alpha fluid is moving slowly through channels or is
trapped and endlessly cycling. This may be useful to transferring more heat. However, the model
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also shows the fluid increasing velocity higher than the initial value. This is undesired as the
fluid will receive more heat the longer time it spends passing through the block. Looking back at
Figure 4.3B, though, it can be guaranteed that the fluid in Beta Block will go through all
channels without stagnant space. Because of the advantage of the Beta Block, solar testing
protocol was changed to implement this better fluid block iteration.

4.3

Solar Testing

Tests were run this past summer with the initial design of the receiver, “alpha.” The alpha
receiver, Figure 4.6, was slightly smaller than this current receiver and did not have a fin
extending from the rear of the cavity.

Figure 4.6: Alpha Solar Receiver Design
With the lack of a fin, the surface area available for heat transfer to a fluid block was minimal,
allowing for only one fluid block to be applied at the base of the cavity.
With our receiver design, tests have been run with various components such as the alpha and
beta fluid blocks, one or two fluid blocks, and the incorporation of thermoelectric modules. The
following Figures, 4.7A and 4.7B, represent the results obtained from a test run with only one
fluid block attached to the fin.
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A

B

Figure 4.7: Temperature response with one fluid block attached to the fin of:
a) Receiver b) Fluid Block
From Figure 4.7, the receiver temperature achieves a steady state temperature of approximately
430ºC, while the fluid reaches a steady state temperature of 80ºC.
After tests were conducted with the single fluid block attachment, the subsequent tests
progressed to include a pair of fluid blocks. Since two fluid blocks were attached to the rear fin,
it was expected that the fluid temperature would further increase, while the receiver temperature
would decrease. The following plots in Fig. 4.8A and 4.8B illustrate the results of the
temperature tests with two fluid blocks.

A

B

Figure 4.8: Temperature response with two fluid blocks attached to the fin of:
a) Receiver, front and back b) System Fluid
From the above plots, it can be seen that the front of the receiver had a steady state temperature
of 250ºC, while the rear of the receiver had a steady state temperature of approximately 165ºC,
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illustrating that there was a temperature drop along the length of the receiver. The location of
these thermocouples on the receiver body is shown in Figure 4.9.

Figure 4.9: Location of thermocouples on the outer wall of the solar receiver
This temperature drop plays an important role in the amount of heat that can be transferred to the
fluid at the fin. The fluid temperature plot illustrates that the fluid was able to reach a steady state
temperature of approximately 100ºC. This higher temperature can be attributed to the amount of
time the fluid is in contact with the fin, as the fluid travels through one block and through a hose
to the other, increasing the contact time by a factor of two.

4.4

Refrigerator and Heater Testing

A Watlow Circulation fluid heater was purchased for a test to determine the required fluid
temperature for running an absorption chiller refrigerator with our heat exchanger design. This
was done using a simple iterative testing process. The system setup in Figure 4.10 had
thermocouples attached to the inlet and outlet of both the circulation heater and heat exchanger,
and to the inside of the refrigerator.
The testing procedure can be found in Appendix 14.
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Figure 4.10: Circulation Fluid Test Design
Five tests were performed with increasing temperature ranges to see how the fridge reacted as
heat was transferred into the boiler column. Our final test, with fluid temperatures at 150°C
caused the boiler column to reach the temperature necessary to initiate the cycle. This necessary
temperature is based on boiler column temperature measurements when the system is run with
the electric heater (shown in Figure 3.4). Since this electric heater was able to initiate the
refrigeration cycle, we know that by reaching the same boiler column temperature as the electric
heater, we initiated the cycle. Figure 4.11 shows the initiation of refrigeration. The red dotted
line represents the boiler column temperature with the electric heater, and the blue line is the
temperature of the boiler column when the heater test was run. As shown the blue line did reach
the threshold to initiate the refrigeration cycle. With a longer testing period, the effects would
have likely been noticed within the refrigerator3.

3

The test pump broke due to a manufacturing issue and a replacement was ordered, but the test depicted in Figure
4.11 was cut short due to the malfunction.
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Figure 4.11: Heater Test Results

4.5

Cost Analysis

The cost of our current components was $5,475. The total grant money we received was
$17,200, well above our prototyping cost. A precise budget breakdown of our existing
expenditures and grant money is given in Appendix 2. Ultimately, we intend to create a product
costing $500 to $1,000 (based on feedback from NGOs).
In preparation for mass manufacturing, we created a cost estimation. We chose to base our model
on making 1,000 units. The biggest cost reduction potential is with the solar receiver, which cost
$2,400 for the prototype. This is due to the cost of making a mold, and customizations when
prototyping. When mass manufacturing, the main cost is materials. The company that produced
our receiver, Saint-Gobain, estimates that the cost of an additional 1000 units would come out to
about $100/receiver.
Another area where costs can be cut is the support materials and insulations. The use of local
materials like PVC piping, local lumber, and discarded bicycle frames in the developing nations
will cause the price to drop significantly too. This is similarly true for the other component
systems, resulting in a total cost reduction from $5,475 to $710. Table 12 shows an estimated
cost reduction per component system when mass manufacturing 1,000 units.
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Table 12: Manufacture Cost Comparison
Component Systems

Manufacture Cost Now

Mass Manufacture Cost4

Solar Tracker

$875.00

$230.00

Solar Receiver

$2500.00

$100.00

Fluid Circulation

$1500.00

$300.00

Absorption Chiller

$600.00

$80.00

Total Cost

$5,475.00

$710.00

4.6

Patent Search

As part of the completion of the previous summer’s design work, our team applied for a patent
regarding the design of the receiver module. This patent application speaks of the unique ability
of the receiver to transfer heat to the thermal fluid, unlike current research models for
concentrated solar power on a residential scale. The provisional patent was filed for this on
November 15, 2013 and is shown in Appendix 8.

4

Assuming 1000 units produced
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5

Engineering Standards and Constraints

When designing a device to be used in the developing world, there are several considerations that
should be discussed. Below are the standards to which we hold our design and implementation in
order to assure our goals are met.

5.1

Environment

The goal of our device first and foremost is to produce refrigeration. It does this by creating
thermal energy. This is a change from the traditional refrigerator which uses electricity, and it is
for this reason that environmental impact is of large importance in our design. The SCU
Handbook describes how we, as engineers, must be aware of the negative effect that our work
can have on the environment. For the solar absorption refrigeration system, our team has made
great efforts to reduce environmental impacts.

Absorption chiller refrigerators are especially desirable in developing nations for the following
reasons: they are low maintenance, powered by thermal energy (not electricity), make little
noise, and use non-toxic refrigerants. All of these factors were considered in the design choices
for this product. Particularly the use of non-toxic refrigerants such as ammonia, water, and
hydrogen gas are appealing to environmental efforts. Freon, a common refrigerant, has been
shown to destroy ozone layers and requires an energy intensive compression cycle.
Comparatively, absorption refrigeration is very environmentally friendly. This is an issue
especially in developing countries where most of the world’s new pollution is coming from and
where the demand for modern appliances like refrigerators is on the rise.

5.2

Manufacturing

The SCU Engineering Handbook states that designing for manufacturability is “concerned with
designing a product in such a way that it can be manufactured efficiently, reliably and within
acceptable costs.” With our product, although all components mentioned in that quote are
important, the factor of most importance is that resources are utilized as efficiently as possible.
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This project is a variation of a previous project that designed a system for a solar tracker through
means of lead screws that are turned by motors to control the direction the tracker is facing.
Their system used a rather large, bulky support to hold the mirror that was tracking the sun.
Construction of this support required precision tools that are not available in target markets. Our
redesigned tracker system has used a modular approach that can be implemented with automated
production by designing for components with simple shapes such as blocks or rods. This
approach assists our ability to easily and quickly manufacture these components necessary for
our product, while also making it easier for a consumer to easily assemble, fix, or retrofit the
product without professional help.
Many of the cost reductions are in materials. The silicon carbide receiver, although designed by
our group, requires specialized manufacturing. Some smaller cost reductions are possible by
using frugal building supplies; specifically, the holder of the Solar Tracker Mirror. Initial designs
for this system used high quality plywood and were cut using precision laser cutters. This design
was changed for the final product and could now be built with scrap metal or recycled bicycle
frames--both of which are available in Uganda and other sub-Saharan countries. Almost every
element in this system, except the refrigerator heat exchanger, was purchased from a retailer,
meaning that the manufacturing of these products are outside of our scope.

5.3

Economic

The goal of our device first and foremost is to produce refrigeration. It does this by creating
thermal energy. This is a change from the traditional refrigerator which uses electricity, and it is
for this reason that environmental impact is of large importance in our design. The SCU
Handbook describes how we, as engineers, must be aware of the negative effect that our work
can have on the environment. For the solar absorption refrigeration system, our team has made
great efforts to reduce environmental impacts.
Absorption chiller refrigerators are especially desirable in developing nations for the following
reasons: they are low maintenance, powered by thermal energy (not electricity), make little
noise, and use non-toxic refrigerants. All of these factors were considered in the design choices
for this product. In most cases the refrigerator is the single appliance that accounts for the most
energy usage in a home or business building. A typical refrigerator can use between 500 to 1000
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kWh of electrical energy per year. A coal fired power plant, typical of those used in developing
nations, releases an average of 1.34 pounds of carbon dioxide into the atmosphere (Buyer’s
Guide). Our system has the capability of going completely off grid and as such replacing
traditional refrigerators with our system will remove a major demand of electrical power,
Thereby reducing the amount of greenhouse gases generated in coal power plants.
Also, our system utilizes ammonia, hydrogen gas and water in the refrigeration cycle, none of
these chemicals are toxic to the environment and are relatively safe to handle. Typical
refrigerants such as Freon and other hydrofluorocarbons (HFC’s) are known to cause ozone
depletion and have other detrimental impacts to the environment. As such our system effectively
removes these chemicals from the environment by providing an alternative to traditional
refrigerators.

5.4

Health and Safety

The health and safety of our project is dependent on taking the necessary precautions. Accidents
happen, and people are injured. One of our most important tasks as engineers is to make sure that
this happens as little as possible. Our device has two potentially hazardous apparatuses, the
parabolic mirror and refrigeration temperature.
The reflecting mirror presents a serious danger to users if they put themselves in the path of the
solar beam, which can reach temperatures up to 700°C. This could easily burn anyone severely,
start a fire, or cause eye damage. Providing appropriate warnings and safety covers will help
make sure people do not unknowingly put themselves in harm’s way.
Another aspect which poses a risk to health and safety is the temperature of the refrigerator.
Food needs to be kept at a low enough temperature to not spoil. The U.S. Food and Drug
Administration recommend 1.7 to 5°C for standard refrigeration temperature (FDA). The proper
insulation must be used to ensure the temperature stays within the required zone long after the
device is no longer running. Following these precautions will help guarantee the health and
safety of the users.
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One possibility for future development to combat this food temperature safety problem is to
incorporate a technical system that could provide an alert if the refrigerator drops below a safe
temperature. Such an alert system would add another level of complexity and likely increase cost
and need for electricity. Such an addition would need to be weighed with regards to cost and
need of the specific communities where the system will be implemented.

5.5

Ethics

The ethical ramifications stem from how the project affects society. Acting ethically means
providing truthful information and ensuring precautions are realized and acted upon. The
engineering standards previously mentioned all have ethical components that must be addressed.
The environmental impacts must be recognized and minimized. The manufacturing resources
used must be sturdy enough to provide a working product as well readily available.
Economically our product must be as inexpensive as possible and we must ensure that the
operating costs are minimized because of the off-grid capability. Health and safety are widely
dependent on proper warnings and covers being in place, as well as operators being properly
educated about the potential risks of the system. Accidents happen, and products sometimes
cause unintended harm. We as engineers have an ethical obligation to address all possible risks
and to manage them with appropriate constraints. Knowing the ethical obligations can help
manage how much time and effort is put forth.
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6

Summary & Future Work

6.1

Summary

This senior design project began with an idea of applying residential-scale concentrated solar
power (CSP) in a unique way to benefit the developing world. This progressed into the
development of a refrigeration system powered by CSP. In the end, we’ve designed and built an
entire refrigeration system with a working energy efficient solar tracking system, a retrofitted
absorption refrigerator, and a custom designed fluid circulation system. With regards to the goals
and specifications we set for ourselves at the beginning, we’ve succeeded in accomplishing some
and have clear plans for the completion of goals that were outside our scope. To create a working
system, we designed heat exchangers, solar receivers, and fluid circulation loops; we performed
months of solar tests with our system as well as circulation heater testing in order to determine
the necessary fluid temperatures to initiate our refrigeration cycle. To lower energy usage, we reworked Arduino coding to achieve the best solar tracking cycle, and implemented an innovative
braking system to lower power usage. Though the system is not completely off grid, there is a
future possibility of incorporating thermoelectrics to make it totally self-sufficient. In order to
decrease costs, we used manufactured fluid equipment to make a fluid circulation system, and an
off-the-shelf refrigeration unit that can be mass manufactured at very low cost. We were able to
estimate the mass production cost to be $710, which is affordable for the three NGOs we
surveyed in Uganda, Nicaragua, and India.
Ultimately, our system, though not fully ready for implementation in the developing world, lays
the groundwork for a new application of concentrated solar power (CSP). Because of the broadranging positive impacts that refrigeration could provide in developing nations, it is important
that many channels of study be pursued. CSP is just one possibility for powering an absorption
refrigerator, and we believe that there is promise in the continued study of this unique application
of CSP for refrigeration purposes.

6.2

Future Work

One of the challenges with this design is ensuring that the refrigerator will be able to maintain
low temperature overnight and during periods where cloud cover blocks the sun. Insulation is
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just one option for combating this problem, another alternative is thermal energy storage.
Thermal energy storage would work to store excess heat from the daytime and use it during the
night to maintain high fluid circulation temperatures. If a team chooses to continue this project,
we believe that thermal energy storage would provide enough heat to keep the absorption cycle
running for at least part of the night. This could be done using zeolite crystals, or a phase change
material, like paraffin wax. There are many options available for thermal storage and these could
be researched and used for the project.
An additional future project would be to design an absorption refrigerator that works at lower
temperatures. Currently, we are using a mass manufactured RV absorption chiller refrigerator
that is designed to be run with the heat of a propane flame. This means that the internal pressure
of the system, and the ammonia to water ratios, are set to be run by propane. That operating
temperature is considerably higher than what is easily obtained by concentrated solar power. A
team at Georgia Tech is currently working to design a lower temperature absorption chiller, so
there is a potential for a changed design.
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Appendix 1: Product Design Specifications
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Appendix 2: Project Budget
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INCOME
Category
Grant
Grant
Grant

EXPENSES
Category

Source
Sought
Committed
Pending
Roelandts Grant
$10,000.00
$5,200.00
School of Engineering
$5,000.00
$2,000.00
CEC
$10,000.00
$17,200.00
$0.00
TOTAL $15,000.00

Description

Estimated

Solar Tracker Clevis mount, linear
Components actuators, controller,
solar sensor, mirror,
and supports
Refrigerator
Copper Piping, Pipe
Heat
Fittings, Soldering Kit &
Exchanger
Torch, general safety
equipment
Fluid
Swagelok Piping,
Circulation
Pump, Pump Fittings,
Pipe Insulation
Heater
Circulation Heater &
Testing
Components, Pump.
Swagelok Piping,
Fittings, Insulation
New Mirror
Wood, Bolts, Insulation,
Support
Mirror
Office
Laptop, and misc.
Supplies

Spent

Pending

$1151.82

$96.00

$1311.44

$3413.35

$231.00
$500.00

TOTAL

$0.00

Net Reserve

$10,996.38
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$6,703.62

$0.00

$10,496.38

$0.00

Appendix 3: Gantt Chart
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Appendix 4: Heat Exchanger Calculation
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Appendix 5: Fluid Block Temperature Change Calculations
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FOR THE COPPER WATER BLOCKS, IT IS POSSIBLE TO MODEL THEM AS A SIMPLE HEAT EXCHANGER. THE
TEMPERATURE INLETS AND OUTLETS FOR DIFFERENT LENGTHS OF BLOCKS A & B CAN BE CALCULATED
THEORETICALLY AS SHOWN BELOW.

Objective : Find Toutlet when
Block A Length = 398.59mm
Block B Length = 565.66mm









Assumptions:
Internal flow through a pipe
Constant Surface Temp:
Tpipe is constant across length
Tinlet = 25°C
Negligible tube wall conduction resistance
Incompressible liquid
negligible viscous dissipation.

Equations Used:

68

Fluid Block MatLab CODE:

Block A - Toutlet

142.8 Celsius

Block B - Toutlet

147.8

Celsius

Conclusion:
These hand calculations support the decision to use the B-type water block. The reason for
this is that the design of the B blocks effective adds approximately 0.2 meters of length to the
distance the Duratherm needs to flow through. This increased length means the Duratherm takes
more time to flow through the water block and as such more heat is transferred. This translates to
a 5 degree difference between the two designs, a substantial difference for the same amount of
energy provided.
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Appendix 6: Detail Drawings
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Appendix 7: Assembly Drawings
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Appendix 8: Patent Disclosure
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SOLAR RECEIVER DESIGN FOR THERMOELECTRIC POWER
GENERATION AND WASTE HEAT UTILIZATION

15

FIELD OF THE INVENTION
This invention relates to solar receivers. In particular, the invention relates to methods,
devices and systems of solar receivers for thermoelectric power generation and waste heat
utilization.
20
SCU-111/PROV

1

DETAILED DESCRIPTION
The core of a concentrated solar power (CSP) system is the solar receiver. Current designs
for CSP systems are focused on industrial scale operation, leaving the only residential solar
systems to photovoltaic panels. Photovoltaic panels are an inefficient form of solar power
5

because they only utilize a small portion of the solar spectrum and they operate at low
efficiencies that are worsened by heat. CSP systems on a residential scale provide thermal
energy, which can be used for a variety of purposes including hot water, space heating, and
absorption refrigeration.
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The invention involves a solar receiver to be attached to a residential scale CSP system. The
invention incorporates thermoelectrics to produce electricity as well as waste heat that can be
used for many residential applications that use thermal energy.

The invention is composed of a silicon carbide solar receiver, two thermoelectric modules
15

(TEMs), a pair of copper water blocks, fluid piping, and a clamp to effectively utilize solar
heat for the production of electricity and heating of a thermal fluid.

The key component in these is the solar receiver. In this cavity, solar rays are collected and
contained. The silicon carbide material for our receiver (Figure 1) is particularly successful at
20

absorbing and retaining the heat. This is heightened by the unique geometry of our receiver,
designed to optimize blackbody performance.

SCU-111/PROV

2

The receiver can reach temperatures of up to 800°C. The addition of a fin for the receiver
shown in Figure 1 is a necessary element for the receiver to effectively transfer heat to the
thermoelectrics that are attached to each side of the fin.

5

Thermoelectric modules (TEMs) produce heat due to the Seebeck effect. The temperature
difference from one side of the module to the other produces a voltage which is proportional
to the temperature difference. To maximize temperature gradient and their voltage output,
the TEMs are placed on both sides of the receiver fin, with their respective hot sides placed
flat against the fin. The high contact surface area achieved by the use of a fin will increase
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the performance of the TEMs. On the outer-facing cold sides of the TEMs, two custom
designed copper water blocks are placed. This is shown in Figure 2.

When a thermal fluid is flowing through these blocks, they will assist in cooling the cold side
of the TEM. This will increase performance of the TEM as well as heat the thermal fluid.
15

The waste heat for the system will not be lost but will instead go from the TEM to the thermal
fluid. This arrangement will be clamped on to the fin of the silicon carbide receiver as shown
in Figure 3.

The clamping mechanism shown in Figure 3 is beneficial because it provides pressure to
20

assist in surface contact between all parts of the system. Additionally, the clamp connects the
two cold sides, whereas designs with single thermoelectric clamps require a contact between
the cold side and the hot receiver. This leads to unwanted heat transfer and an increase in the
cold side temperature, and decrease in the TEM performance.
SCU-111/PROV
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The clamping mechanism could have variations to accomplish different racking assemblies.
The clamp could be done as shown in Figure 3 or it could be part of a fuller stand that
attaches to the concentrated solar system. These adjustments will be made based on the
5

application or size of the system. One example is shown in Figure 4.

Also shown in Figure 3 are the inlet and outlet hoses for the thermal fluid. These are able to
be attached to various systems to provide heat. Possible applications include hot water
heating, where a closed loop circulation of thermal fluid could act as assistance to the
10

traditional hot water heater, reducing the need for gas or electric heating. Additionally, a
thermal fluid could circulate in the floor or walls of a house to provide space heating; often
called radiant floor heating. Thermal fluid could also be the heat provided to run a gas
absorption refrigerator. Certain retrofits would be necessary on the refrigerator unit, but the
heat provided from a thermal fluid could be the energy to run such a refrigerator.

15

Embodiments of the invention with the addition of a fin provides significant advantages over
these other designs. First, water blocks can be easily exchanged or fixed if issues arise.
Second, this design allows for the incorporation of thermoelectric modules. TEMs would not
be able to get surface contact on these other designs, whereas a fin creates the ideal flat
20

surface for maximum contact and heat transfer. The addition of TEMs creates a source of
electricity which adds value to a system that would only provide thermal energy without
TEMs.

SCU-111/PROV
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Other embodiments, further teachings and/or examples related to the invention are described
in Appendix A (12 pages) and Appendix B (1 page) as well as in Figures 1-4 (2 pages).
Appendices A and B and Figures 1-4 are hereby incorporated to this provisional in their
entirety.

SCU-111/PROV
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SCU-111/PROV Figures

Figure 1: Silicon Carbide Receiver with Fin

Figure 2: Copper water blocks for thermal fluid heating and TEM cooling

Silicon Carbide Receiver
Copper Water Blocks
System Clamp

Thermoelectric Modules

Figure 3: Receiver Device Design with TEMs, water blocks, clamp, and fluid piping

1

Figure 4: Full body clamping mechanism included in arm attachment.

2

SCU-111/PROV APPENDIX A (12 P AGES )

FOR

S OLAR T HERMOELECTRIC E NERGY
R ESIDENTIAL S CALE C OMBINED H EAT AND E LECTRICITY

Summary
The objective of this project is to provide heat and electricity to a single-family home from
concentrated solar energy using thermoelectric modules. There are two major techniques to
utilize solar energy; photovoltaics (PV) that directly convert light into electricity, and solar
thermal energy that heats working fluids to run a turbine or to provide domestic hot water.
Although solar thermal energy can generate both electricity and heat, application has been
limited to utility-scale power generation due to expensive parts and high installation costs. In
order to address these issues, we propose a combined thermoelectric and heat system that
exploits a low-profile economic solar tracker. Concentrated solar thermal energy is firstly
converted into electricity using thermoelectric modules, and rejected heat from the
thermoelectric system will further be extracted for an absorption chiller, domestic hot water, or
space heating. This system targets an overall cost of $3,000 to provide 1 kW of electricity and 9
kW of heat, with a payoff period of 4 years or less. In this project, we will evaluate optimized
working conditions and demonstrate a scaled (1/10) model.

1) Goal
The goal of this project is to determine the feasibility of using thermoelectric modules to
provide electricity and heat to a single-family home from concentrated solar power.
2) State-of-the-Art
Concentrated Solar Power (CSP) has historically been the most cost effective method of
harnessing solar energy for electricity production on the utility scale [1]; solar energy is reflected
using mirrors and concentrated into a receiver to heat a working fluid that runs a turbine. CSP
also possesses a distinctive potential for combined cooling, heating, and power (CCHP)
generation systems due to the high temperature of rejected heat. Waste heat present after
electricity generation can be further extracted for space heating, domestic hot water, and
absorption chiller/refrigeration. Energy systems with CCHP have a much higher energy
conversion efficiency compared to other technologies [2-4]. Up to 75% of incoming solar
radiation can be converted into useful energy including electricity. Despite of the benefits of
CSP, the cost per energy produced is not competitive at the residential scale, since a small
mechanical system has a large ratio of parasitic heat loss to power production and high
component/installation costs per power output.
Although utility-scale CSP has developed and shown success over the past few decades
[5], small-scale CSP for distributed combined heat and electricity has not developed mainly due
to economic challenges. CSP requires a solar tracker, which alone constitutes up to 40% of the
installation cost in CSP. Moreover, existing systems generate electricity mostly through the use
of turbines, which are inefficient and expensive at the small scale. Turbines also cause noise and
require regular maintenance. Up until 2009, CSP systems were only provided on the scale of 25
kW or more [6, 7]. The emergence of a 3 kW system in 2009 targeted the small scale, however,
the cost of the system remained too high to appeal to single-family residences [8].
The objective is to provide an economically viable, residential scale concentrated solar
power system through utilizing thermoelectric modules and a low-profile tracker.
Thermoelectric materials directly convert heat into electricity at a solid state, making them
reliable, easily scalable, and free of vibration or noise [9]. Thermoelectric systems have been
served as the power systems of many deep space missions for more than 30 years. Unlike
photovoltaics (PV), their energy conversion efficiency does not degrade with increasing
temperature and the entire spectrum of solar energy can be utilized. Thermoelectric modules
show higher power to area / weight ratios and generate more power under cloudy conditions than
PV cells. The major drawback of this technology is low efficiency. With currently available
materials, energy conversion efficiency is barely 10% under a temperature difference of 200K.
Despite low efficiency, thermoelectric materials have the advantage of generating electricity
from any temperature difference. They can generate electricity under small temperature
differences, where the use of other energy conversion technologies cannot be economically
justified. It is almost the only solution for energy harvesting from wasted heat, which is
otherwise ignored. For combined heat and electricity, low conversion efficiency has less adverse
effects, since rejected heat can be further extracted for other purposes. At the residential scale,
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most of electricity-intense appliances are related to heating or cooling, which can be replaced
with thermal energy using absorption chillers. Hence, the thermoelectric system is an
economically viable solution for the residential scale combined heat and electricity from
concentrated solar power. Currently, most of research efforts have been focused on the
development of highly efficient thermoelectric materials [10-12]. Consequently applications
have only been restricted to niche markets, such as space missions or car seat cooling/heating.
The system will also enhance public appreciation of this technology and stimulate practice of
sustainable electricity generation.
Another key feature of the system is the use of a low-profile economic solar tracker that
was recently developed by the principal investigator (PI) [13]. Because of the high installation
and fixed costs of existing trackers, the U.S. Department of Energy (DOE) has challenged
researchers to reduce the installation cost of heliostat fields from $200 per square meter to $70 to
lower total capital costs on utility-scale power plants by 25% [14]. High fixed costs exist for
conventional heliostats because of the robust steel supports needed for stability [15].
Specifically, the two main cost drivers beside installation in large heliostat fields are the drive
motor assemblies and the mirror support/structure/foundation [16]. The installation of this heavy
hardware is the other major component of tracker assembly cost and requires an automated
assembly and deployment system [17].
The predominant two-axis tracker design is commonly termed a mast tracker. Mast
trackers require a very stout pole, or “mast”, to be drilled deep into the ground to support normal
loading. The mast height is at least one half of the panel height above the ground so that the
tracker can orient toward the sun at low elevation angles. The requisite foundations result in
considerable geological concerns for site planning, as well as heavy machinery, contributing to
the installation costs [18]. Since existing two-axis trackers control their load from a single
central point, the drive assemblies must be very heavy duty and added trusses are often needed to
keep the structure from flexing or sagging at the extremes. Several two-axis mast trackers have
been designed with reduced installation costs as a motivating factor. The PVT 7.2DX,
manufactured by PV Trackers, utilizes a tripod structure for support. The system is compatible
with helical piles reducing installation costs by eliminating the need for concrete foundations
[19]. The Google RE<C initiative designed a two-axis heliostat also with a triangular base, and
ground securing is accomplished with a single helical pile [20]. The Opel SF-45 is a utilitygrade tracker for use with PV panels. The manufacturer claims it can be installed by a two
person team without any field welding [21]. Qbotix has developed a system which allows an
entire array of PV panels to be adjusted discretely by a single robot that runs on a track from
panel to panel [22]. While this can effectively cut costs by using a single actuation unit for
multiple panels, the discrete nature cannot be used for solar thermal applications. In all cases
above, the load is carried atop a tall mast and requires heavier materials to achieve the rigidity
necessary to ensure acceptable pointing accuracy.
The new design (Fig. 1) for a low-profile, two-axis solar tracker is aimed at reducing the
total installed cost by targeting component production, system assembly, and installation. The
new tracker is built from components that are readily available, or commercial off-the-shelf parts
to promote a low cost solution and fewer specialized parts. Comprised of two co-planar and
perpendicular linear actuators, a unique triangular geometry exploits a statically stable truss
structure allowing for lighter duty, and more economical components. The tracker is also easy to
assemble or disassemble, so that it can be easily shipped to customers. A key design benefit is
the ability to store the tracking array in a position near, and parallel to, the ground. This is
3

intended to reduce loading during adverse weather conditions, in turn allowing for lighter and
less costly components. The new tracker design is less vulnerable to wind, which is a major
factor in the design of individual tracking mechanisms [23]. Moreover, a wide base distributes
the load over the ground and is installed easily by the end user with helical piles instead of
concrete foundations for a single mast. The project will utilize this new tracker for combined
heat and electricity.

Fig. 1. Low-Profile Economic Solar Tracker
Last innovation of the system is the use of rejected heat for air conditioning, space
heating, and domestic hot water, where more than 50% of energy is consumed in a singlefamily home. Typical refrigerators or air conditioners operate under a vapor compression cycle,
which uses ecologically destructive working fluids such as Freon gas. Most of the electricity is
consumed in compressors of refrigerators, which cause noise and vibration that leads to an
uncomfortable living condition. An absorption chiller or refrigerator replaces a mechanical
compression cycle with a thermal compression cycle, which can be powered by rejected heat
from the CSP system. During winter, the rejected heat can also be used for space heating or
domestic hot water, which will also reduce natural gas consumption. The use of solar thermal
energy for space heating, domestic hot water, or an absorption chiller is not new, and has been
investigated for more than several decades [24]. Although successful implementation has been
made for space heating or domestic hot water [25], there have not been many reliable absorption
chiller systems powered by solar thermal energy. The operation temperature of an absorption
chiller is usually much higher than the temperatures of typical solar collectors. Therefore, it
usually requires concentrated solar collectors, such as a product from Chromasun, to reach the
high temperatures of working fluids. Since the rejected heat of the system is still at a higher
temperature than typical solar collectors, our system can provide energy to an absorption chiller
as well as for space heating or domestic hot water. The optimum working condition will be
determined through modeling work and the proper heat exchanger will be devised.
3) Energy Problem Targeted
According to the recent report from U.S. Energy Information Administration (EIA) [26],
less than 6% of the electricity used in the United States is from the renewable energy sources, not
including conventional hydroelectric power plant. Most of the electricity comes from typical
power plants that burn fossil fuel, and are accompanied by green house gas emissions. The
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majority of sustainable power generation is from wind energy, while solar constitutes only 0.3%
of entire energy generation in California [27]. Since solar energy is the most abundant and does
not generate significant noise as in wind turbines, it is a more appropriate renewable solution at
the residential level.
The energy system addresses these problems and has strong connection with the mission
of the Public Interest Energy Research (PIER) electricity program. Particularly, we target three
PIER R&D areas: Environmentally Preferred Advanced Generation, Renewable Generation, and
Energy Technology System Integration. Distributed power generation can also reduce losses by
transmission and distribution, which is about 7% of the total power generation in US [28].
Economically viable, concentrated solar systems will not only enhance the practice of using solar
power, but also reduce peak energy demand during summer. The time for the maximum air
conditioning load is synchronized with the time for the maximum solar energy. As such,
electricity can be provided without interruption even with less number of power plants and
thereby reduce the carbon footprint in California.
4) Primary Project Tasks and their associated Performance Objectives
The operation schematic of the system is described in Fig. 2. The solar energy is
reflected onto a concave dish mirror and concentrated into a ceramic receiver. The mirror and
the receiver will sit on the low-profile tracker. Thermoelectric modules will be attached to the
surface of the receiver and generate 1kW of electricity. In order to achieve high efficiency, the
other side of the thermoelectric modules will be cooled down using heat pipes. The rejected heat
is further extracted by a working fluid that transfers heat from the cold side of the modules to an
absorption chiller. The working fluid dissipates the heat into the boiler part of the absorption
chiller, which enables for the refrigeration cycle.
Along with the energy savings for a regular refrigerator, the system is anticipated to save

Fig. 2. Schematic of the system
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32 kWh of electricity per day. The target
price of the entire system is $3000 with a
payoff period of four years. Low costs
can be achieved through the use of the
newly developed low-profile solar
tracker. The system can be easily
installed by the end user either on the
ground or over the roof, with minimized
work to get a good foundation. A scaled
(1/10) model will be built and tested, in
order to determine the feasibility of the
system.
a. Evaluate optimum working
conditions

Fig. 3. Theoretical and experimental results of
temperature response of a cavity receiver

A heat source at a higher
temperature is desirable for larger amount of electrical power and higher energy conversion
efficiency of thermoelectric modules. However, high operation temperature also has a
disadvantage of large heat loss to the ambient by radiation. Hence, it is necessary to find an
optimum working temperatures and size of reflectors to assist the energy production for a singlefamily home. Our target energy production from the system is 1kW of electricity and 9kW of
heat. Although 1kW of electricity (8kWh per day) is inadequate to meet the daily average-home
electricity consumption (50kWh), the electricity-intense appliances, such as refrigerators or air
conditioners, can be powered by thermal energy in the configuration. Hence, the actual
electricity saving is targeted to be 32kWh per day. Analysis of the energy balance of incoming
concentrated solar radiation, heat transfer to the thermoelectric generators, and heat loss to the
ambient, will determine optimum working conditions.
In addition to operation temperature, the size of a solar receiver should be carefully
chosen. With a given amount of electricity generation and space, the size of a solar receiver
determines the solar concentration and thereby the temperature of the heat source for
thermoelectric generators. The PI has an extensive experience with radiative heat transfer
analysis, and presented optimized working conditions and receiver size for a small scale dish
CSP generator [29]. Similar analysis will be carried out and optimum geometry of the receiver
will be suggested to build a scaled (1/10) prototype.
The cavity receiver will be made of silicon carbide to ensure high emissivity and high
thermal conductivity for better solar energy absorption and uniform temperature along the
surface. The mirror and receiver will be installed on the low-profile tracker, and the maximum
temperature will be measured to confirm our optimization study. Our previous experiments on a
cavity receiver showed a maximum value within 5% of the calculated value and followed a
similar transient response to theoretical expectation (Fig. 3).
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Fig. 4. Schematic view of cavity absorber integrated with thermoelectric modules,
heat pipes, and heat exchangers
b. Integrate thermoelectric modules into a solar receiver
Eight thermoelectric modules (TEMs) will be installed on the surface of the receiver and
connected in series. Each will generate 12.5W at 5V under temperature difference of 200K.
Careful attention should be applied to the choice of thermoelectric modules that are available
from various vendors, such as Marlow, Ferrotec, Laird Technology, etc. Several researchers,
including the PI, have investigated the effect of thermal resistance on thermoelectric energy
harvesting, and suggested new strategies on the electric load matching for the maximum power
output [30-32]. Thermal resistance of heat dissipation should be as low as possible, and electric
power should be collected at half of the open circuit voltage. Low heat sink thermal resistance is
necessary to achieve larger temperature differences, and the electric load should be carefully
chosen to minimize parasitic power loss by Joule heating. One should note that the condition for
half of the open circuit voltage is a function of not only internal impedance of a TEM but also
heat sink thermal resistances. A power management circuit will be devised out of a commercial
energy harvesting circuit from Texas Instruments or Linear Technology.
Heat pipes from Cool TTM will be utilized to minimize the thermal resistance at the cold
side of a TEM. Heat dissipation by phase change will ensure effective heat removal from the
TEM and therefore large temperature difference across the TEM. Moreover, the use of heat
pipes will enable easier implementation of heat exchangers that provides energy into an
absorption chiller, which will be discussed in the later sections. Figure 4 shows how TEMs, heat
pipes, and heat exchangers are integrated into a solar receiver.
In order to evaluate the performance of TEMs, open circuit voltage will be measured
when a TEM is attached to a heat plate maintained at 700K. The temperature will be simulated
with a hot plate and thermocouples will be used to measure the temperature. Properties of
various modules will be characterized to choose the most appropriate module for this application.
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c. Design of an absorption A/C
We will modify a commercially available absorption chiller into an air conditioner (A/C)
system powered by solar thermal energy. Absorption refrigerators are widely used in leisure or
hotel industries for reduced noise level in recreational vehicles or guest rooms. A heat exchanger
will be attached on the surface of a steam generator and replace the existing electric heater. The
modified A/C will be tested concurrently with a regular electric powered absorption chiller to
ensure the same performance. Before the integration with the entire system, a water heater will
be used to simulate solar thermal energy and test the modified absorption A/C. Each unit will be
placed inside of two identical temporary buildings, and temperature as well as power
consumption will be measured. The modified A/C is expected to have a cooling load of 300W,
which will be verified through a comparative experiment.
Two custom heat exchangers enable heat transfer from the cold side of the TEMs to the
boiler (or generator) of the absorption A/C. The geometry of the heat exchangers will be
designed to achieve an effectiveness of 80% and a maximum temperature of 380K. Ethylene
Glycol will be used as the working fluid.
d. Demonstration of scaled model and performance test / cost analysis
A scaled (1/10) prototype will be installed in a test structure. Santa Clara University
(SCU) has two identical test structures for experiments related to building energy. They will be
placed next to each other, and one of them will house the system. The other structure will be
equipped with a conventional A/C for comparison. Demonstration of the system with 100W of
electricity, 900W of heat, and 3kWh of total energy savings will be presented. Energy
consumption and temperature will be monitored and evaluate the performance of the system.
Furthermore, SCU has won the 3rd place prize in the 2007 and 2009 Solar Decathlon hosted by
the Department of Energy. These two houses are currently located on campus, and they use solar
thermal energy to run an absorption chiller (2007 house) and use electricity from PV to run a
heat pump (2009 house). Both of the houses can provide an experimental comparison of the
performance among various sustainable energy/cooling systems.
After successful demonstration of the scaled prototype, manufacturability study will be
carried out for a real-scale system. The target price of the entire system to provide 1kW of
electricity and 9kW of heat is $3,000. The business plan to reach this goal will be explored.
Table 1 shows the cost analysis of the entire system. The system can be provided to the end
users as a turnkey system or as a do-it-yourself kit. Individual parts will be acquired by
subcontract with other manufacturers, and the system can be easily integrated and installed by
either a contractor or the end users.
5) Technical Feasibility Issues
The major technical challenges and market barriers for the system are how to provide 1)
an economically viable system, 2) a combined heat and electricity system, and 3) how to
incorporate the system into a relatively small space. The economic low-profile tracker is the
key element to reduce the cost through light and simple parts as well as easy installation.
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Concentrated solar power with thermoelectric modules can provide both heat and electricity in a
smaller area than PV cells. However, due to lack of high temperature applications,
thermoelectric modules need to be customized, which may increase the cost of a prototype. The
research will prove the feasibility of generating electricity by TEMs from concentrated solar
power, and will enable mass production of thermoelectric modules. Various TEM manufacturers
will be contacted to customize the module for solar power generation.
Amount of voltage and power is proportional to temperature difference across a TEM. In
order to get more electricity, it is important to maintain the cold side as low as possible. Larger
temperature difference leads to more amount of heat that has to be removed from the TE module.
As in the semiconductor manufacturing industry, removing heat in a small area has been a
challenge for many years. We propose thin heat pipes to address this issue, but large size heat
exchanger may still be required. Moreover, temperatures that are too low may not be efficient
enough to run absorption chillers. Hence, an optimized temperature range has to be determined
by several experiments as well as a modeling study.
The last challenge is whether the system can be fitted into a small area. Although TEM
can generate similar amounts of electricity in smaller spaces than PV cells, they cannot produce
more energy than the incoming solar energy. More than 10m2 is required to meet 10kW of total
energy. An array design of several reflectors will be suggested to cover the area combined with
our low-profile trackers.
6) Innovations
The innovations of the system include;
1. Concentrated solar energy for residential scale,
2. Combined heat and electricity with TEMs and an absorption chiller,
3. Economically viable system assisted by low-profile tracker.
To the best of our knowledge, there is no commercially available residential scale
combined heat and electricity system using TEM from concentrated solar power. Using our new
low-profile solar tracker, we seek to provide such system at $3,000 with payoff period of four
years or less.
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7) Impact on Energy Problem / Benefit to California electric market
The average amounts of residential electricity energy and natural gas consumptions in
California are 6,804 kWh [33] and 454 Therms [34] per year. The average prices of electricity
and natural gas are $0.15 per kWh [33] and $0.94 per therm [35], respectively; thus annual
energy cost for single-family homes is $1,386, the majority of which is for electricity. The
project not only provides 8 kWh of electricity daily (2,920 kWh per year), but also reduces the
use of electricity-intense appliances, such as refrigerators and A/C, which constitutes almost 30%
of electricity consumption in an average single-family house [27]. If thermal energy can replace
electricity in the refrigerators and A/C, there will be an additional saving of 2,041 kWh per year.
Hence, the system can save 4,961 kWh of electricity per year, which is equivalent to $744.
Therefore, a payoff period for $3,000 is approximately four years. Natural gas consumption
can be reduced, if the rest of thermal energy is utilized for space heating or domestic hot water.
The system is expected to save 100 Therms during three months of winter or $94 per year. With
this, a payoff period can be less than three years. Moreover, there will be additional savings
from the energy incentive or carbon credit as well.
The system benefits are not only for the end user, but also for the State of California.
Based on a recent report from the California Energy Commission, electricity consumption will
increase at an annual growth rate of 1.7% for next ten years [36]. The increased electricity
demand should be accompanied by more number of power plants. The system can reduce the
number of new power plants. Operational cost for electricity generation can be reduced as well.
The cost to produce 1 MWh of electricity is $33 [37]. If 10% of 12 million households in
California adopt the system, it can save approximately six million MWh per year, which is
equivalent to 212 million dollars of saving in electricity production cost including savings from
the energy loss by transmission and distribution. Moreover, by reducing peak energy demand,
the state can minimize new power plant construction and the power generation from reserve
power plants, which have high operation costs.
8) Market Connection
The system will create new market opportunities for many different industries. It will not
only benefit solar thermal industries, but also enhance public appreciation of absorption chillers
and thermoelectric modules. Mirror manufacturer, such as AGC solar, will be approached for
solar reflectors. Kyocera or Saint-Gobain, leading ceramic companies, will manufacture the
solar receivers. Both of the companies showed interest in our receiver design. We will also seek
for collaboration with Laird Technology, Tellurex, or Marlow Industries on the manufacturing of
the customized thermoelectric modules. Dometic will be able to modify their absorption
refrigerator into solar powered refrigerators or A/C.
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 Absorption Refrigerators are a heatpowered alternative to compression
refrigeration. The thermal fluid will be
the heat source for our design.

5. Heat Powered Refrigeration

 A thermal fluid is heated by flowing
through the water block.
·cools the TEMs and increases their
performance.

4. Excess Heat Extracted

 Thermoelectric modules (TEMs)
produce electricity through the
temperature differential between two
plates.

3. Heat to Electricity

 Sun is reflected off the mirrored
parabolic disc and focused in a small ,
very hot point and heats up the
silicon carbide receiver cavity.

2. Reflected into receiver

 A mirrored parabolic disc follows the
sun using a low-profile solar tracker.

1. Sun Rays Captured
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Appendix 9: MBTI Results
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Table A9: MBTI Results for Solar Absorption Chiller Team
Team Member

Personality Type

Team Position

Claire Kunkle

ESTJ

Manager/Supervisor

Mark Coulter

ENFJ

Orator/Teacher

Patrick Watson

ESFJ

Benefactor/Provider

Craig Carlson

INFJ

Conserver/Protector

As shown in Table A9, The Solar Absorption Chiller (SAC) group is composed of a
manager, orator, benefactor, and conserver. This made a successful group because of our
diverse backgrounds as well as our personalities. An ideal group consists of an EN-personality type that is innovative and good at getting ideas moving. This person, for
SAC, was Mark Coulter. Second, a group should have an IS-- personality, who is good
on following through and detail orientated. Our group does not explicitly have an IS, but
Patrick Watson and Claire Kunkle are ES-- and together fulfill this 2nd role, as well as the
3rd role of a group, which is to be hands-on and results oriented. Finally, a group should
have someone that is an IN--, who is imaginative and introspective. This person was
Craig Carlson. If anything, our group was more heavily weighted on the E-F- side, which
means that we greatly relied on team members like Claire, who represented the only
‘thinking’ personality and Craig, the only introverted person to keep the team on target
and within reasonable limits.
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Appendix 10: Tracking System Overview
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Tracking System Motors & Lead screws
The tracking system utilizes lead screws as linear actuators turned by stepper motors for
the motion in both axes, as shown in Figure 10. The lead screws are 68 inches and 36
inches on the x- and y-axes, respectively. The orientation of the axes is represented in the
following figure.

Figure A10-1: Application of Trigonometry to Solar Tracker Design (Neber)

Lin Engineering 5718X-05E stepper motors are utilized to turn the lead screws and orient
the solar tracker correctly, due to their ease of control.
3.2.4

Tracking Control

To ensure that the tracker follows the path of the sun and remains normal to the sun at all
times, a tracking program was implemented by means of an Arduino Mega 2560 to
control the stepper motors. The Arduino program utilized a sun tracking library that
calculated the position of the sun based on the solar tracker’s longitudinal and latitudinal
positions. Once the sun’s position was determined, the program then commanded the
motors to turn the lead screws to move the tracker until the desired angles were achieved.
The total system is shown in in Figure 11.
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Figure A10-2: The parabolic mirror is supported and moved by two separate
tracks which are computer controlled. This ensures the mirror stays at an angle normal
to the sun so that the energy produced is maximized.
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Appendix 11: Properties of Durotherm
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Appendix 12: Purchased Component Information
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NSF Roller Pump: EW-70608-00
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Watlow Circulation Heater
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Fluid Expansion Tank
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Appendix 13: Experimental Testing Procedure
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Circulation Heater Testing:
1. Fill Circulation Loop with Duratherm
2. Run LabView to record temperatures
3. Set PID controller to 80°C and turn on pump
4. Run for 5 hours and observe refrigerator temperatures
5. Turn up PID controller by 10 degrees and run for 1 hour
6. Repeat step 5 until a change in fridge temperature is noted
7. Record this temperature and allow cycle to run for 5 hours at this temperature
8. Run test again with different heat exchangers.
Solar Tracker Testing:
1. Connect Arduino to computer via USB cable
2. Connect wires to external power supply for motors
3. In Arduino interface, go to Tools > Serial Monitor
4. Motors will begin moving to limit switches, and the tracker system is
completely automated from this point
5. When the tracker is correctly oriented, mirror can be implemented in the
system
6. Plug NI-DAQ via USB cable into computer
7. Open LabView testing program
8. Begin continuous data acquisition for temperature measurements/power
production
9. When test is finished, remove mirror
10. Stop LabView program and save data
11. Unplug motors and disconnect Arduino from computer
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Appendix 14: Power Point Slides

122

123

124

125

126

127

128

Appendix 15: Judges’ Presentation Score Sheets
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